Slurry ice is a biphasic system consisting of small spherical ice crystals surrounded by seawater at subzero temperature. Its effect on lipid damage (hydrolysis and oxidation) was evaluated during the chilled storage of a fatty fish species (sardine, Sardina pilchardus). Slurry ice treatment was checked alone and in combination with ozone and compared to traditional flake icing during a 22 days storage. Different lipid damage indices (free fatty acids, FFA; peroxide value, PV; thiobarbituric acid index, TBA-i; fluorescent compounds, FR) were checked and compared to sensory assessment and nucleotide degradation (K value). According to lipid hydrolysis (FFA) and oxidation (PV and FR) developments, slurry ice showed an inhibitory effect (p<0.05) on lipid damage during storage, as well as an inhibition of nucleotide autolytic degradation.
INTRODUCTION
Slurry ice has been reported to be a promising technique for the preservation of aquatic food products in an ice-water suspension at subzero temperature [1, 2] . It has shown to provide several advantages towards flake ice such as: lower temperature, faster chilling, lower physical damage to product and better heat exchange power.
Although the theoretical advantages of slurry ice are well known, few empirical data reporting the potential practical advantages derived from the use of slurry ice for the storage of marine species are available. Thus, good results were obtained with slurry ice for storage of albacore tuna [3] and hake [4] , and as a slaughter method for seabream (Sparus aurata) [5] . For crustacean species, practical advantages were obtained in the case of Australian prawns [6] and shrimp [7] .
Ozone is a powerful antimicrobial agent that is suitable for application in food in the gaseous and aqueous states leading to significant increases in sensory quality and shelf-life of fish [8, 9] . Molecular ozone or its decomposition products inactivate microorganisms rapidly by reacting with intracellular enzymes, nucleic material and other components. In spite of its advantages as a food additive, the pro-oxidant behaviour of ozone on fish food constituents has been studied scarcely. Some previous research has shown a detrimental effect on phospholipid classes, polyunsaturated fatty acids and membrane proteins [10, 11] .
Marine lipids are constituted by highly unsaturated fatty acids [12] that are known to be very prawn to lipid oxidation [13, 14] . During chilled storage of fatty fish species, a strong effect of lipid damage has been detected on fish quality loss [15] [16] [17] .
Previously mentioned slurry ice applications [3] [4] [5] [6] [7] have shown damage inhibition concerning sensory assessment, microbiological activity, nucleotide degradation and volatile amine formation. However, the effect of slurry ice on lipid matter has hardly been elucidated till now.
The present work focuses on the evolution of lipid damage (hydrolysis and oxidation) as affected by storage in slurry ice, either alone or combined with ozone. For it, a fatty fish species (sardine, Sardina pilchardus) was chosen and stored up to 22 days. Results are compared with traditional flake icing. Lipid damage assessment is complemented by sensory analysis and nucleotide degradation determination.
MATERIALS AND METHODS

Refrigeration systems
Slurry ice was prepared using a FLO-ICE prototype (Kinarca S.A.U., Vigo, Spain). The composition of the slurry ice binary mixture was 40% ice and 60% water, prepared from filtered seawater (salinity: 3.3%). The temperature of the slurry ice mixture was -1.5ºC. The injection of ozone in the slurry ice mixture was accomplished with a prototype provided by Cosemar Ozono (Madrid, Spain), the redox potential being adjusted to 660 mV (0.17 mg ozone/L). In this batch, the ozone concentration was monitored by readings of the redox potential in the liquid phase. Flake ice was prepared with an Icematic F100 Compact device (Castelmac SPA, Castelfranco, Italy).
The fish specimens were surrounded by either ozonised slurry ice, slurry ice, or flake ice at a fish:ice ratio of 1:1, and stored for up to 22 days in a refrigerated room at 2ºC. When required, the ice mixtures were renewed.
Fish material, processing and sampling
Fresh sardine (Sardina pilchardus) specimens were caught (November, 2003) near the Galician Atlantic coast and transported to the laboratory ten hours after catching. The fish specimens were not headed nor gutted and were directly placed in ozonised slurry ice, slurry ice or flake ice in an isothermal room at 2ºC. The length of the specimens was in the 16-21 cm range and average weight was 150 g. Three different groups were used for each icing treatment and studied separately along the whole experimental period. Samples were taken for analysis on days 0, 2, 5, 8, 12, 15, 19 and 22. Once fish specimens had been subjected to sensory analyses, the white muscle was separated and employed for biochemical analyses. All analyses were performed in triplicate.
Sensory analysis
Sensory analysis was conducted by a sensory panel consisting of five experienced judges, according to guidelines concerning fresh and refrigerated fish [18] .
Four categories were ranked: highest quality (E), good quality (A), fair quality (B) and unacceptable quality (C). Sensory assessment of the fish included the following parameters: skin, external odour, gills, consistency and flesh odour.
Composition analyses
Water content was determined by the difference between the weight of fresh homogenised muscle (1-2 g) and the weight recorded after 24 h at 105 ºC. Results are expressed as g water/100 g muscle. Lipids were extracted by the Bligh and Dyer [19] method. Quantification results are expressed as g lipid/100 g muscle. NaCl content in fish muscle was calculated from the amount of chlorine by boiling in HNO 3 with excess of AgNO 3 , followed by titration with NH 4 SCN [20] . Results are expressed as g NaCl/100 g muscle.
Lipid damage assessment
Free fatty acid (FFA) content was determined by the Lowry and Tinsley [21] method based on complex formation with cupric acetate-pyridine. Results are expressed as g FFA/100 g lipids.
The peroxide value (PV) was determined according to the ferric thiocyanate method [22] . Results are expressed as milliequivalents of oxygen/kg lipids.
The thiobarbituric acid index (TBA-i) was determined according to Vyncke [23] .
Results are expressed as mg malondialdehyde/kg fish sample.
Formation of fluorescent compounds was determined with a Perkin Elmer LS 3B
fluorimeter by measurements at 393/463 nm and 327/415 nm as previously described [16, 24] 
Nucleotide degradation analysis
Analysis of the nucleotide autolytic degradation was carried out by the method of Ryder [25] . The K value was calculated according to the following concentration ratio: K value = 100 x (hypoxanthine + inosine) / (adenosine triphosphate + adenosine diphosphate + adenosine monophosphate + inosine monophosphate + inosine + hypoxanthine).
Statistical analyses
Biochemical data corresponding to the three chilling methods were subjected to one-way analysis of variance to assess significant (p<0.05) differences among treatments [26] . Correlation analysis with time of the different parameters was studied;
for sensory values, the Spearman test was employed [26] . The SPSS 11.5 software for Windows (SPSS Inc., Chicago, Il, USA) was also used to explore the statistical significance of the results obtained, including multivariate contrasts and multiple comparisons by the Scheffé and Tuckey tests; a confidence interval at the 95% level was used in all cases.
RESULTS AND DISCUSSION
Composition analyses
Water contents of the different white muscle samples were in the range 71.0 -73.5 %, while the lipid content ranged between 3.0 and 5.5 %. Differences in both constituents may be explained as a result of fish-to-fish variations and not derived from chilling conditions and storage time.
The presence of NaCl in the chilling medium has lead in both slurry ice treatments to a progressive increase of NaCl content in fish white muscle (Figure 1 ).
This increase was stronger in the presence of ozone than without it (p<0.05). It is concluded that ozone renders fish samples to be more permeable to NaCl diffusion.
Both slurry ice treatments provided a good correlation value between NaCl content and chilled time (r 2 = 0.98 in both cases) ( Table 1) . Fish samples treated under traditional flake ice did not show differences (p>0.05) in NaCl content during the experiment.
Lipid hydrolysis
Lipid hydrolysis was determined according to the FFA assessment ( Table 2 ).
FFA content of the raw material (0.24±0.08) was rather similar to those of other fatty fish species (tuna, mackerel) [15, 27] and lower than those of lean fish (haddock, cod, Atlantic pomfret) [24, 28] . Evolution of FFA content along storage in the three conditions did not provide good correlation values with time (Table 1 ). In the present experiment, no significant differences were obtained among the three treatments during the 0-15 days period. Then, a higher FFA content was observed for flake icing when compared to both slurry ice conditions. For this period, an inhibitory effect of slurry ice on lipid hydrolysis was concluded. No significant differences were obtained between both slurry ice conditions, so that no effect of ozone on lipid hydrolysis was denoted.
In addition to the temperature lowering produced by both slurry ice treatments, hydrolysis development may also be reduced as a result of the NaCl content increase ( Figure 1 ) mentioned above, according to the inhibitory effect found for salt presence on FFA formation during fish processing [29] [30] [31] .
The formation of FFA itself does not lead to nutritional losses. However, its examination was deemed to be important since it has been proved that the accumulation of FFA is related to some extent to lipid oxidation enhancement [32, 33] and to texture deterioration by interacting with proteins [34, 35] .
Lipid oxidation
Primary lipid oxidation was followed by the PV (Table 2) . Its assessment in both slurry ice conditions showed an increasing tendency with time, that was specially sharp at the end of the experiment (day 22). A different behaviour was observed for flake ice treatment, since an increase pattern was obtained till day 19, that was followed by a sharp decrease. This decrease can be explained as a result of peroxide breakdown. In the three treatments, a fair correlation value was obtained (r 2 = 0.81-0.85) ( Table 1) .
Comparison between flake and slurry icing conditions showed a higher PV for flake ice at days 5, 8 and 19. Ozonised slurry ice treatment did not show significant differences when compared to slurry ice, although higher mean values were obtained for ozonised slurry ice in most cases.
Secondary lipid oxidation was followed by the TBA-i (Table 2) . Its assessment in all three conditions showed an increasing pattern, with some exceptions. The best correlation value was obtained for the flake ice treatment (r 2 = 0.95) ( Table 1) .
Differences between flake and both slurry icing conditions were obtained at day 8, being higher for the flake ice. Comparison of both slurry ice conditions showed a higher oxidation level at days 15 and 22 for the ozonised samples; a sharp increase of thiobarbituric acid reactive substance content was obtained at day 22 for fish samples treated under ozonised slurry ice.
Interaction compound formation [36, 37] , also called tertiary oxidation compounds, produced during the chilled storage was studied by means of the fluorescence ratio [16, 24] . Till day 12, no differences were observed for the three treatments when compared to the raw material. After that time, a gradual increase was observed for flake iced fish, which showed higher FR values than both slurry ice treatments. Along the whole storage time, no differences (p>0.05) were obtained as a result of the ozone presence. All three treatments did not provide good correlation values between FR value and storage time ( Table 1) . The sharp increase found in flake ice samples for the 19-22 days period agrees with the no-variation period (days [15] [16] [17] [18] [19] [20] [21] [22] observed for the TBA-i and with the sharp decrease obtained at day 22 for the PV. As a result of increased lipid oxidation in flake ice treated fish, primary and secondary oxidation compounds have interacted with nucleophilic compounds (aminated, namely)
leading to fluorescent compound formation [38] [39] [40] .
As mentioned above (Figure 1 ), both slurry ice treatments produced a NaCl content increase in fish muscle. Previous research [29, 31] has shown a pro-oxidant effect of salt on fish lipids. In the present study, comparison to flake iced fish led to a lower oxidation development for slurry ice treated samples, while a higher oxidation degree was not assessed for fish treated under ozonised slurry ice.
Sensory analysis
Sardine specimens stored in flake ice, maintained good quality (categories E and A) until day 2 (Table 3) . After this time, sensory quality decreased and the batch exhibited unacceptable quality on day 8. In this batch, the limiting factors were the gills and the flesh odour, according to previously published information on flake ice chilled sardine [41, 42] .
Sardine fish stored in slurry ice maintained good quality up to day 5 (Table 1) .
After this time, sensory quality decreased and on day 15 this batch was no longer acceptable. The appearance of the gills and eyes were the first parameters that limited fish acceptability. In a previous work related to slurry ice treatment of seabream (Sparus aurata) [5] , eyes appearance was also reported to be the limiting factor. This enlargement of shelf-life found for the slurry ice treatment agrees with previous research on lean fish [4, 5] and crustacean [7] species.
Finally, fish treated under ozonised slurry ice maintained good quality up to day 8. After this time, sensory quality decreased and on day 19 this batch was no more acceptable. The appearance of the gills and eyes were again the first parameters that limited fish acceptability. This shelf-life enlargement agrees with previous research concerning ozone treatment on rockfish [8] , catfish [9] and horse mackerel [43] .
Both slurry ice conditions showed a very good correlation value between sensory assessment and chilled time (r 2 = 0.96-0.98) ( Table 1 ). In the case of flake icing, a fair correlation value was observed (r 2 = 0.88).
Nucleotide analysis
Nucleotide autolytic degradation was studied by means of the K value ( Figure   2 ). All three conditions showed an increasing tendency along the storage, according to previous data on hypoxanthine and K values concerning traditional flake icing of sardine [44, 45] . In the present study, very good correlation values were obtained in the three icing conditions (r 2 = 0.98-0.99) ( Table 1) , according to previous research that considers the K value as a sound method for assessing quality changes during fish chilling [46] . In the present experiment, flake ice treatment showed significantly higher (p<0.05) values than both slurry ice conditions; an inhibitory effect of slurry ice on nucleotide autolytic degradation is concluded. No significant differences were obtained between both slurry ice conditions, so that an inhibitory or enhancement effect of ozone on nucleotide degradation could not be assessed.
FINAL REMARKS
The employment of slurry ice as a chilling technology has produced an inhibitory effect on lipid damage (hydrolysis and oxidation) related to quality loss during the chilled storage of a fatty fish species. These results agreed with the sensory assessment that led to longer shelf life times and good quality periods, and also with the nucleotide autolytic degradation analysis.
Ozonised slurry ice employment has provided an increase in shelf-life time and good quality period when compared to slurry ice alone. These increases are interesting and, since a pro-oxidant effect of ozone on lipid matter is not concluded, its employment is found beneficial for quality retention during a fatty fish species chilling.
Fish traders have employed chilled storage as a previous step to other technological treatments. The effect of previous chilling conditions (storage time, fishice ratio, room storage temperature) on the quality of frozen [47, 48] and canned [49, 50] fish has been demonstrated. In this sense, application of slurry ice technology (alone or in combination with ozone) could lead to higher quality fish products concerning the commercialisation of fatty fish products. Table 1 .
